An important question in taste research is how 25 receptors of the human TAS2R family detect thousands of structurally diverse compounds. An answer to this question may arise from the observation that TAS2Rs in general are broadly tuned to interact with numerous substances. Ultimately, interaction with chemically diverse agonists requires architectures of binding pockets tailored to combine flexibility with selectivity. The present study determines the structure of hTAS2R binding pockets. We focused on a subfamily of closely related hTAS2Rs exhibiting pronounced amino acid sequence identities but unique agonist activation spectra. The generation of chimeric and mutant receptors followed by calcium imaging analyses identified receptor regions and amino acid residues critical for activation of hTAS2R46, -R43, and -R31. We found that the carboxyl-terminal regions of the investigated receptors are crucial for agonist selectivity. Intriguingly, exchanging two residues located in transmembrane domain seven between hTAS2R46, activated by strychnine, and hTAS2R31, activated by aristolochic acid, was sufficient to invert agonist selectivity. Further mutagenesis revealed additional positions involved in agonist interaction. The transfer of functionally relevant amino acids identified in hTAS2R46 to the corresponding positions of hTAS2R43 and -R31 resulted in pharmacological properties indistinguishable from the parental hTAS2R46. In silico modeling of hTAS2R46 allowed us to visualize the putative mode of interaction between agonists and hTAS2Rs. Detailed structure-function analyses of hTAS2Rs may ultimately pave the way for the development of specific antagonists urgently needed for more sophisticated analyses of human bitter taste perception.
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calcium imaging | G protein-coupled receptors | hTAS2R T he mammalian sense of taste is mediated by receptor proteins located in the oral cavity. Each of the five basic taste qualities, sour, salty, sweet, umami, and bitter, serves a specific function in the identification of food components occurring in an animal's diet (1) . Because many toxic plant metabolites taste bitter, bitter taste receptors are thought to protect the organism against the ingestion of poisonous food compounds. The human bitter taste receptor gene family (hTAS2R) consists of ∼25 members belonging to the superfamily of G protein-coupled receptors (GPCR) (2) (3) (4) (5) . On the tongue, the expression of hTAS2Rs is confined to bitter taste-receptor cells, which coexpress specific signal transduction components (6) . A main question in taste research is how such few receptors are capable of detecting thousands of structurally diverse bitter compounds.
The pharmacological properties of hTAS2Rs are characterized by two important features: (i) a rather broad tuning, exemplified by the fact that, based on current information on 20 deorphaned receptors, some hTAS2Rs responded to up to one-third of all bitter compounds tested (7); and (ii) although highly variable, the average affinity for bitter agonists is rather low compared with other GPCR-ligand interactions (7) . Nevertheless, hTAS2Rs can discriminate even among chemically very similar bitter compounds with high accuracy (8) . The combination of these two features results in the manifestation of agonist spectra, which are unique for every single hTAS2R, although some overlaps for individual bitter compounds are evident (9) . Therefore, it seems likely that the ligand-binding pockets of hTAS2Rs differ considerably among each other.
Despite recent progress in structure determination of GPCRs, (reviewed in refs. [10] [11] [12] , structural data on GPCRs are scarce and crystallized receptor proteins exhibit only low amino acid sequence similarity with TAS2Rs. Therefore, a detailed characterization of the structure-function relationship for this GPCR family is necessary to understand the molecular basis underlying the broad tuning and selectivity of its members.
Mammalian TAS2Rs exhibit considerable variability among species. Comparison of human and rodent TAS2R genes reveal, on the one hand, receptors that can be considered as one-to-one orthologs, and on the other hand, receptor subfamilies that underwent species-specific expansions and losses (13) . One such subfamily consisting of 8 hTAS2Rs [hTAS2R19 (hTAS2R48), hTAS2R20 (hTAS2R49), hTAS2R30 (hTAS2R47), hTAS2R31 (hTAS2R44), hTAS2R43, hTAS2R45, hTAS2R46, hTAS2R50 (recently withdrawn former gene symbols in parenthesis)] has been identified previously (5) and several family members have been characterized (8, (14) (15) (16) (17) . This characterization demonstrated that all members of this group exhibit unique agonist activation profiles with rather few common activators.
For the present article, we focused on three members of this subfamily, hTAS2R46 (8) , -R43, and -R31 (16), for structurefunction analyses, taking advantage of the fact that relatively few different amino acid residues should determine their inherent agonist selectivity. By the generation of receptor chimeras and point-mutagenesis in combination with functional calcium imaging experiments, we identified receptor positions critically involved in agonist interaction.
Results
The amino acid sequences of hTAS2R46 and the related receptors, hTAS2R43 and -R31, share 87 and 85% identity, respectively. The amino acid identity of hTAS2R43 and -R31 is 89% (Fig. S1 ). The transmembrane topology of hTAS2R46 (Fig. 1A) is based on an alignment of rhodopsin family GPCRs. The majority of amino acid residues are identical in all three receptors (Fig. 1A , white circles). Variant positions reside predominantly in receptor parts oriented toward the extracellular side (Fig. 1A , black circles). Each receptor has a distinct set of bitter agonists (Fig. 1B ). It appears reasonable to speculate that amino acid sequence differences observed among the compared hTAS2Rs must include agonist-selective residues.
For identification of receptor regions involved in agonist-specific activation, chimeric receptors between hTAS2R46 and -R31 were constructed and challenged with the corresponding selective agonists (Fig. 2) . Four chimeras, linked within the highly conserved third transmembrane domains (TM) (hTAS2R46tm3-31, hTAS2R31tm3-46) and third intracellular loops (hTAS2R46il3-31, hTAS2R31il3-46), respectively, were tested for function. Whereas hTAS2R46 responded to its agonists, absinthin, strychnine, and denatonium, hTAS2R31 was activated only by its specific agonist aristolochic acid. Analyses of the chimeric constructs revealed the importance of the C-terminal portions of both receptors for agonist selectivity. Even if the N-terminal two-thirds of receptor chimeras consist of hTAS2R31 residues (hTAS2R-31tm3-46, hTAS2R31il3-46), they exhibit an hTAS2R46-like agonist profile and vice versa (hTAS2R46tm3-31, hTAS2R46il3-31). A low-amplitude signal (Fig. 2, arrow) obtained by denatonium stimulation of the construct hTAS2R46il3-31, but not hTAS2R-46tm3-31, indicates that the central portion of hTAS2R46 contains residues important for denatonium activation.
To identify specificity determining residues in the C-terminal receptor parts, we focused on TMs 6 and 7 of hTAS2R46 and -R31, where we observed two prominent differences located at the extracellularly oriented side of TM7. Whereas hTAS2R31 possesses two basic residues in positions 265 7 .39 (Lys) and 268 7.42 (Arg) [indices refer to the positions according to Ballesteros-Weinstein numbering (18) ], respectively, hTAS2R46 contains glutamate (E265 7.39 ) and alanine (A268 7.42 ) at the corresponding positions. Swapping of this amino acid pair generated the constructs hTAS2R31 K265E R268A and hTAS2R46 E265K A268R . Dose-response relationships determined with strychnine and aristolochic acid revealed a conversion of agonist specificities (Fig. 3) . Whereas hTAS2R46 E265K A268R was not activated by strychnine but responded to the hTAS2R31-agonist aristolochic acid, the corresponding mutant hTAS2R31 K265E R268A exhibited a switch in agonist specificity in the opposite direction (Fig. 3A) . Comparison of the EC 50 values for strychnine between hTAS2R46 (0.43 ± 0.02 μM) and hTAS2R31 K265E R268A (10.9 ± 1.8 μM) indicates that additional residues must contribute to full strychnine activation (Fig. 3B) . However, because hTAS2R46 E265K A268R is more sensitive to aristolochic acid stimulation (EC 50 = 0.16 ± 0.02 μM) than hTAS2R31 itself (EC 50 = 0.46 ± 0.01 μM), the residual peptide sequence of parental hTAS2R46 seems to be fully permissive for aristolochic acid activation (Fig. 3C) . (gray) are shown. hTAS2R46 (row 1) and hTAS2R31 (row 6) refer to the native receptors. For each of the two receptors, two sets of chimeras were built, with junctures in intracellular loop 3 (hTAS2R46il3-31, row 2; hTAS2R31il3-46, row 5) and TM3 (hTAS2R46tm3-31, row 3; hTAS2R31tm3-46, row 4), respectively. HEK 293T Gα16gust44 cells transiently transfected with receptor constructs were stimulated with the bitter compounds indicated at the top. The compounds absinthin, strychnine, and denatonium are agonists of hTAS2R46, whereas hTAS2R31 is activated by aristolochic acid (aristol. acid). The applied agonist concentrations (100 μM absinthin, 30 μM strychnine, 1 mM denatonium benzoate, 3 μM aristolochic acid) were chosen to fully activate the native receptors. Changes in fluorescence after substance application (indicated by arrows under the corresponding traces) were monitored and are shown as traces. Residual denatonium responsiveness of the construct hTAS2R46il3-31 is indicated by a larger arrow. Scaling of traces is indicated by the inset at the top left of the figure (y axis, ΔF/F = 2,000 relative light units; x axis, time = 2 min).
The switch in agonist specificity cannot be attributed to any of the two positions alone, as single mutations at these positions did not show a gain of responsiveness; instead, a strong reduction or loss-of-responsiveness toward the original agonist was evident (Fig. 3A) . Whereas hTAS2R31 interaction with aristolochic acid appeared to be highly fragile, because both mutants, hTAS2R31 K265E and hTAS2R31 R268A , exhibited a loss-of-responsiveness and the corresponding mutants, hTAS2R46 E265K and hTAS2R46 A268R , showed no gain-of-responsiveness, activation by hTAS2R46 agonists was more gradual. The mutant hTAS2-R46 E265K demonstrated a limited effect on absinthin activation, with an EC 50 of 27.3 ± 4.7 μM compared with hTAS2R46 with 9.9 ± 0.3 μM, an almost complete loss-of strychnine responsiveness, and a major reduction in denatonium activation. The mutant hTAS2R31 K265E was not activated by any of the indicated compounds [however reduced responsiveness to acesulfame K and saccharin (Fig. S2) , both known hTAS2R31 agonists (16), was evident]. The strong codependence of positions 265 7.39 and 268 7.42 is further substantiated by the observation that mutation of position 268 7 .42 alone resulted in a loss-of-responsiveness for absinthin or strychnine in the mutant hTAS2R46 A268R , but not in a gain-ofresponsiveness in the corresponding mutant, hTAS2R31 R268A . Denatonium activation of both mutants is strongly affected (hTAS2R31 R268A , EC 50 = 299.9 ± 21.5 μM; hTAS2R46 A268R , residual activation at 1 mM denatonium) indicating the importance of this position for denatonium stimulation.
Given the strong influence of positions 265 7.39 and 268 7.42 on receptor activation and agonist selectivity, we generated additional, nontemplate-derived mutations in these positions (Fig.  3D) . Exchanging glutamate 265 7.39 for aspartate reduced the EC 50 value for strychnine activation (4.5 ± 0.48 μM); introduction of glutamine further reduced receptor responsiveness (threshold ∼10 μM), whereas lysine almost abolished receptor activation. This result indicated that the exact positioning of a negatively charged group is crucial for hTAS2R46's sensitivity for strychnine. A minor elevation in strychnine sensitivity after exchanging alanine 268 7.42 for glycine (Fig. 3E ) (EC 50 = 0.34 ± 0.03 μM) may indicate a sterical influence of this position.
The different sensitivities of hTAS2R46 and hTAS2R31 K265E R268A suggested the presence of additional strychnine-selective residues in hTAS2R46. We identified 11 additional amino acid differences in extracellular loops and upper parts of TMs of hTAS2R46 and -R31 and mutated the corresponding positions. The resulting mutants, hTAS2R46 E70V , -L71F , -N76Y , -I82T , -I91T , -N92G , -N150K , -Q151E , -W154R , -N176D , and -E253G were functionally characterized with absinthin, strychnine, denatonium, and aristolochic acid (Fig. 4A) . We challenged the mutated receptors with a saturating and a nonsaturating agonist concentration. Four of the mutants, hTAS2R46 N76Y , -I91T , -Q151E , and -W154R , showed no obvious differences compared with hTAS2R46. Another three mutations, hTAS2R46 L71F , -N92G , and -N150K , showed decreased receptor activation by all agonists. To rule out nonspecific effects, we confirmed that cellular expression levels of the constructs were comparable to reference constructs (Fig. S3) . Four mutants, hTAS2R46 E70V , -I82T , -N176D , and -E253G exhibited agonist-selective reductions of responses, the most pronounced seen for hTAS2R46 E70V , which was not activated by absinthin. None of the mutations led to aristolochic acid sensitivity. In view of the results obtained with hTAS2R46/31-chimeras, a strong and agonist-selective effect of position 70 2.65 was not anticipated. We therefore analyzed additional mutations to investigate the apparent context-dependent influence of position 70 2.65 on receptor activation by absinthin and strychnine (Fig. 4B) . Interestingly, only the exchange from glutamate to valine caused a selective loss of absinthin activation. We also identified two mutations (E70Q and E70A) resulting in a minor reduction in responsiveness, and one mutation (E70K) causing a strong reduction for both substances, whereas the majority of mutations decreased receptor responsiveness for either one of the agonists. Obviously, position 70, located at the base of extracellular loop 1, exerts an important function in the establishment of receptor conformation.
To prove that we detected all positions that are different between hTAS2R31 and -R46 and contribute to selective activation of Fig. 3 . Swapping of residues in TM7 causes switching of receptor specificities. For calcium imaging experiments, receptor constructs were expressed in HEK 293T Gα16gust44 cells and challenged with the indicated bitter compounds. Changes in fluorescence after substance application were monitored and plotted on the y axes (ΔF/F). (A) The applied agonist concentrations (100 μM absinthin, 30 μM strychnine, 1 mM denatonium benzoate, 3 μM aristolochic acid) were chosen to fully activate the native receptors. The amino acid sequence of hTAS2R46 (R46 wt) was changed either at position 265 (E265K), 268 (A268R), or at both positions (E265K A268R) into the corresponding hTAS2R31 amino acid residues (black bars). The amino acid sequence of hTAS2R31 (R31 wt) was mutated correspondingly resulting in the constructs hTAS2R31 K265E , hTAS2R31 R268A , and hTAS2R31 K265E R268A (white bars). (B) Dose-response relationships of hTAS2R46 and -R31 mutants stimulated with strychnine. The receptor constructs hTAS2R46 (black circles), hTAS2R46 E265K A268R (black triangles), hTAS2R31 (white circles), and hTAS2R31 K265E R268A (white triangles) were transfected and subjected to calcium imaging analyses. Note that hTAS2R46 E265K A268R is not activated by the hTAS2R46-selective agonist strychnine, whereas hTAS2R31 K265E R268A gained strychnine responsiveness. (C) Same as B, stimulated with the hTAS2R31-selective agonist aristolochic acid. (D) Dependence of strychnine responsiveness on different residues at position 265 of the receptor hTAS2R46. The glutamate at position 265 (circles) was exchanged by aspartate (squares), glutamine (triangles), or lysine (diamonds) and the constructs subjected to calcium imaging. (E) Dependence of strychnine responsiveness on different residues at position 268 of the receptor hTAS2R46. The alanine at position 268 (circles) was exchanged by glycine (squares) or arginine (diamonds) and the constructs subjected to calcium imaging.
hTAS2R46, functionally relevant positions were assembled in the construct hTAS2R31 PM46 (hTAS2R31 V70E F71L T82I G92N K150N D176N G253E K265E R268A), and calcium imaging analyses were performed ( Fig. 4C and Table S1 ). Comparison of the EC 50 values of hTAS2R46 and hTAS2R31 PM46 demonstrated that these nine positions suffice to transfer the full pharmacological profile of hTAS2R46 onto hTAS2R31. Further evidence for this observation is provided by the fact that hTAS2R43 was also successfully engineered to exhibit an hTAS2R46-specific agonist activation profile. This time, because of higher amino acid sequence identity among hTAS2R46 and -R43, fewer exchanges were necessary to result in the mutant receptor hTAS2R43 PM46 (hTAS2R43 V70E T82I G253E K265E R268A), resembling the pharmacological features of hTAS2R46 ( Fig. 4C and Table S1 ).
To investigate if the identified positions indeed form a binding pocket, we established an in silico model of hTAS2R46 (Fig. 5) . Docking of strychnine into this model proposes the presence of a hydrogen-bond between Y241
6.50 and the carbonyl-oxygen of strychnine. Intriguingly, the partially positive-charged N19 of the docked strychnine is positioned at a distance of ∼3Å from the negatively charged carboxylate anion of E265 7.39 . Moreover, one can congruently fit aristolochic acid onto the posed strychnine structure and observe that a hydrogen-acceptor site, a negatively charged carboxylate group, as well as an aromatic ring system is placed at largely identical positions, thus underscoring the result of the in silico docking approach and our considerations on a common pharmacophore structure (Fig. S4) . Mutation of Y241 6.50 , which is present in hTAS2R46, -R43, and -R31, into phenylalanine resulted in a significant reduction in strychnine responsiveness corroborating the importance of the putative hydrogen-bond (Table S2) . As many bitter compounds, including those activating hTAS2R46, are rather hydrophobic, it is not surprising that a number of residues located in the putative strychnine binding pocket are hydrophobic as well (L58 ). As they are located in vicinity of Y241 6.50 and the carbonyl oxygen of strychnine, one of them might surrogate for the residual strychnine responsiveness of hTAS2R46 Y241F . Our data obtained for the mutant hTAS2R46 N92G (Fig. 4) and a previous report on the importance of identical position in hTAS2R43 and -R31 (14) support this assumption.
Discussion
A common feature of TAS2Rs is their ability to respond to many structurally different compounds. This ability could be facilitated by different mechanisms. (i) TAS2Rs may possess more than a single agonist binding pocket, and each pocket is tailored to accommodate subgroups of agonists sharing common structural details. (ii) There might be a single binding pocket providing access to multiple agonists establishing contacts with critical receptor residues. In this case, hTAS2R agonist selectivity may require that access of "wrong" agonists into the binding pocket is tightly restricted. (iii) Growing evidence for GPCR oligomerization (19) including hTAS2Rs (20) suggests that combinations of TAS2Rs might form oligomers acting as agonist binding units. However, at present, functional consequences of TAS2R oligomerization remain elusive (20) .
Our data clearly support the existence of a single agonist binding pocket in hTAS2Rs. As demonstrated by the construction of receptor chimeras (Fig. 2) , the resulting receptors changed their responsiveness to all tested agonists. Moreover, responsiveness of the chimeras, hTAS2R31tm3-46 and hTAS2R31il3-46 for hTAS2R46-specific agonists absinthin, strychnine, and denatonium was accompanied by a loss-of-responsiveness for the hTAS2R31-specific agonist aristolochic acid; vice versa, insensitivity for hTAS2R46 agonists of the chimeras hTAS2R46tm3-31 and hTAS2R46il3-31 was accompanied by aristolochic acid sensitivity. This observation indicates that the binding pockets in both receptors are located at similar, or at least, partially overlapping regions. Mutagenesis of hTAS2R46 further supports the presence of single binding pockets in hTAS2R46 and related receptors. With few exceptions, functionally relevant amino acid exchanges affected receptor responses for more than one agonist. The most convincing argument for a single binding pocket derives from the transfer of hTAS2R46-specific amino acid residues onto hTAS2R43 and -R31. Although the initial screening for functionally relevant exchanges in hTAS2R46 was done with strychnine, consistently the entire agonist-activation spectrum was transferred onto the recipient receptor ( Fig. 4C and Table S1 ).
The construction of receptor chimeras demonstrated that agonist selectivity is predominantly determined by C-terminal receptor parts. Subsequent mutagenesis revealed two residues within TM7, which are highly divergent between hTAS2R44 and -R46, as being responsible for agonist selectivity. Exchanging 265 7 .39 Glu and 268 7 .42 Ala present in TM7 of hTAS2R46 for If no signal saturation was achieved, either an approximate EC 50 was extrapolated or a threshold was determined. Only the E70V mutation caused a selective loss-of-response upon absinthin stimulation. (C) Functionally relevant hTAS2R46 residues identified in this study were collected in recipient receptors hTAS2R31 and -R43 resulting in the constructs hTAS2R31 PM46 (hTAS2R31 V70E F71L T82I G92N K150N D176N G253E K265E R268A) and hTAS2R43 PM46 (hTAS2R43 V70E T82I G253E K265E R268A), respectively. 265 7.39 Lys and 268 7.42 Arg, as found in hTAS2R31, not only led to aristolochic acid responsiveness of the mutant receptor hTAS2-R46 E265K A268R , but also to a loss-of-responsiveness for hTAS2R46-specific agonists. Further mutagenesis identified additional residues important for receptor-specific agonist activation, indicating that interaction with such a variety of compounds is governed by more than two amino acids in TM7 and may as well include residues that are identical in hTAS2R43, -R31, and -R46. Another component affecting agonist selectivity of hTAS2Rs could be a tight access control for "wrong" bitter compounds. A position to exemplify this principle is 70 2.65 , at the interface between TM2 and EL1. Whereas hTAS2R46 has a glutamate in this position, the other receptors used in our study have valine instead. As seen for the receptor chimeras (Fig. 2) , both residues appear fully compatible with receptor activation by hTAS2R46-specific as well as by hTAS2R31-specific agonists. However, exchanging glutamate for valine in the context of the receptor hTAS2R46 solely affects activation by absinthin (Fig. 4 A and B) . On the other hand, exchanging glutamate to aspartate hardly affected the receptor's responsiveness to absinthin, but reduced activation by strychnine. Additional mutations in position 70 2.65 of hTAS2R46, introducing either glutamine, lysine, alanine, or serine did not point to a specific chemical group or a particular size of the sidechain required at this position, arguing against a direct contact between agonists and receptor at this position. Rather, it appears as if, perhaps based on intramolecular interaction between position 70 2.65 and a yet unknown part of the receptor, folding of extracellular regions affect access of agonists into the binding pocket.
The number and diversity of TAS2R agonists could indicate that the TAS2R binding pockets have a different architecture compared with other GPCRs. However, our data demonstrate that several of the residues contributing to agonist interaction are positionally conserved, compared with other GPCRs. Of the functionally analyzed positions (Figs. 3 and 4) , nine affected receptor activation. Five of these positions were already shown to be involved in receptor-agonist interactions in other GPCRs [N92 3.36 , compare with N92 in hTAS2R43/31 (14) and S159 in 5-HT 2A receptor (21) (30) . Intriguingly, amino acid exchanges at this position often affected ligand selectivity (26, 28, 30) , thus paralleling our observations. Tentatively, because of similarities in biological functions and pharmacological properties (broad but selective agonist spectra, relatively low affinities of olfactory receptors for their ligands), one may speculate that the binding site of olfactory receptors should share some characteristics with the binding pocket of hTAS2Rs. Indeed, the two positions in TM7 of hTAS2R46 were also predicted to be part of the odorant binding site in olfactory receptor proteins [ Fig. S5 ; cf. Man et al. (31) ]. However, a detailed structure-function analysis of an eugenol-responsive mouse OR [mOR-EG (32)] demonstrated that residues critical for agonist binding of this receptor are found in TM3, TM5, and TM6. A striking similarity between hTAS2R46 and mOR-EG is the high number of hydrophobic residues lining the presumed binding pockets.
In conclusion, our analysis of hTAS2R46 and related receptors showed that hTAS2Rs possess single binding pockets accommodating the various agonists via overlapping sets of amino acid residues. The majority of residues involved in agonist interactions are, although the types of amino acids differ, positionally conserved compared with other GPCRs. Exclusion of potential agonists from the hTAS2R binding pockets seems to contribute to selectivity. Future analyses might reveal additional residues important for receptor-ligand interaction and may ultimately pave the way toward the engineering of specific antagonists urgently needed for more sophisticated sensory and pharmacological characterization of bitter taste perception.
Materials and Methods
Taste Compounds. Aristolochic acid, denatonium benzoate, strychnine, andrographolide, picrotoxinin, acesulfame K, saccharin (Sigma), and mar- rubiin (LGC Promochem) were purchased. Absinthin, parthenolide, santamarin, and sintenin were available from a previous study (8) .
Bitter Taste Receptor Constructs. We have used the hTAS2R variants hTAS2R46 NM_176887.2, hTAS2R31 NM_176885.2 (variant position L162M, compare with dbSNP rs# cluster id rs10743938), and hTAS2R43 NM_176884.2 (variant position W35S, compare with dbSNP rs# cluster id rs68157013; variant position H212R, compare with dbSNP rs# cluster id rs71443637). The coding regions fused with N-terminal sst3-and C-terminal hsv-tags (5) were cloned into pcDNA5/FRT (Invitrogen). For analyses of cellular expression levels, hTAS2Rs were generated as C-terminal GFP 2 fusion proteins.
In Vitro Mutagenesis of hTAS2Rs. Site-directed mutagenesis of hTAS2R cDNAs was done by PCR-mediated recombination (33), as described previously (34) . For a list of oligonucleotides, see Table S3 .
Functional Expression. The functional calcium imaging analyses were done as described previously (8) .
A detailed description of methods used for mutagenesis and functional expression is found in SI Materials and Methods.
In Silico Modeling of hTAS2R46. The hTAS2R46 sequence was submitted to I-Tasser server (35) . Docking of strychnine was done using the software module "induced fit" of the Schrodinger molecular modeling suite. BallesterosWeinstein numbering (18) was obtained using a combination of multiple sequence alignment of human bitter taste receptors with the structure-based alignment of rhodopsin family GPCRs using Expresso server (36) .
